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ABSTRACT
The metal abundances in the atmospheres of hot white dwarfs (WDs) entering the cooling sequence are determined by the preceding
Asymptotic Giant Branch (AGB) evolutionary phase and, subsequently, by the onset of gravitational settling and radiative levitation.
In this paper, we investigate three hot He-rich WDs, which are believed to result from a late He-shell flash. During such a flash, the
He-rich intershell matter is dredged up and dominates the surface chemistry. Hence, in contrast to the usual H-rich WDs, their spectra
allow direct access to s-process element abundances in the intershell that were synthesized during the AGB stage. In order to look for
trans-iron group elements (atomic number Z > 29), we performed a non-local thermodynamic equilibrium model atmosphere analysis
of new ultraviolet spectra taken with the Cosmic Origins Spectrograph aboard the Hubble Space Telescope. One of our program stars
is of PG1159 spectral type; this star, PG1707+427, has effective temperature Teff = 85 000K, and surface gravity log g = 7.5. The
two other stars are DO white dwarfs: WD0111+002 has Teff = 58 000K and log g = 7.7, and PG0109+111 has Teff = 70 000K and
log g = 8.0. These stars trace the onset of element diffusion during early WD evolution. While zinc is the only trans-iron element we
could detect in the PG1159 star, both DOs exhibit lines from Zn, Ga, Ge, Se; one additionally exhibits lines from Sr, Sn, Te, and I and
the other from As. Generally, the trans-iron elements are very abundant in the DOs, meaning that radiative levitation must be acting.
Most extreme is the almost six orders of magnitude oversolar abundance of tellurium in PG0109+111. In terms of mass fraction, it
is the most abundant metal in the atmosphere. The two DOs join the hitherto unique hot DO RE0503−289, in which 14 trans-iron
elements had even been identified.
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1. Introduction
The hot white dwarf RE 0503−289 is unique because a large
number of trans-iron elements were discovered in its photo-
sphere (Werner et al. 2012b). Abundance analyses of 14 species
with atomic numbers in the range Z = 30− 56, i.e., zinc through
barium, revealed high quantities of up to about 104 times the
solar values (Rauch et al. 2017b, and references therein).
RE 0503−289 is a non-DAwhite dwarf (WD) with a helium-
dominated atmosphere (spectral type hot DO, effective temper-
ature Teff = 70 000 ± 2000K, surface gravity log g = 7.5 ± 0.1;
Rauch et al. 2016b). We concluded that the high heavy-metal
abundances are probably caused by radiative levitation (Rauch
et al. 2016a). If true, then we should find the same phe-
nomenon among other hot DOs with similar temperature and
gravity. Therefore we performed ultraviolet (UV) spectroscopy
of three other WDs with the Cosmic Origins Spectrograph
(COS) aboard the Hubble Space Telescope (HST). Two of these
WDs (PG 0109+111 and WD0111+002, alias HS 0111+0012)
are also of the hot DO spectral type. The third (PG 1707+427)
⋆ Based on observations with the NASA/ESA Hubble Space Tele-
scope, obtained at the Space Telescope Science Institute, which is oper-
ated by the Association of Universities for Research in Astronomy, Inc.,
under NASA contract NAS5-26666.
⋆⋆ Based on observations made with the NASA-CNES-CSA Far Ul-
traviolet Spectroscopic Explorer.
was drawn from the PG 1159-type class, which are hot, non-
DA (pre-) WDs with large amounts of atmospheric carbon and
oxygen. Their surface chemistry is the result of a late He-shell
flash that dredged up the intershell matter located between the H
and He burning shells of the previous Asymptotic Giant Branch
(AGB) evolutionary phase (Werner & Herwig 2006). PG1159
stars without remaining hydrogen evolve into DO WDs as soon
as gravitational settling starts to remove these species from the
atmosphere. The choice of a PG 1159-type target was motivated
by the fact that the trans-iron element abundances are not yet
affected by diffusion and, hence, should reflect the abundances
in the intershell layer created by the s-process during the AGB
phase.
This paper is structured as follows. First, we introduce our
program stars in Sect. 2, and proceed with a description of our
new and archival observations (Sect. 3). We then present our
spectral analysis to determine the basic atmospheric parameters
Teff, log g, and metal abundances (Sect. 4). We discuss our re-
sults and conclude in Sect. 5.
2. The program stars
For our new observations we chose two hot DOs and a PG1159
star, which are bright enough to obtain UV spectra with a good
signal-to-noise ratio enabling the identification of even weak
metal lines. The location of the program stars in the g–Teff dia-
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Table 1. Observation log of our three program stars.a
Star Instrument Dataset Grating R λ/Å texp/s Date PI
WD0111+002 HST/COS LCK201010 G130M 13000–19000 1070–1210, 1224–1365 8017 2015-11-17 Werner
HST/GHRS Z3GM0304T G160M 18000 1228–1264 4570 1996-11-11 Werner
FUSE A0130301000 20000 915–1188 5515 2001-08-07 Dreizler
PG0109+111 HST/COS LCK202010 G130M 13000–19000 1070–1210, 1224–1365 8005 2015-12-01 Werner
FUSE A0130202000 20000 915–1188 4355 2000-11-23 Dreizler
PG1707+427 HST/COS LCK203010 G130M 13000–19000 1070–1210, 1224–1365 14344 2015-09-14 Werner
HST/GHRS Z2T20304T G140L 1800–2200 1165–1460 1197 1995-08-06 Heber
FUSE P1320401000 20000 915–1188 14541 2000-06-06 Kruk
Notes. (a) For the HST/COS observations the two wavelength intervals covered by detector segments A and B are given. All FUSE spectra were
obtained with the LWRS aperture. Resolving power is R. Exposure time is texp.
gram (already with our improved parameters for PG 0109+111)
together with other hydrogen-deficient stars is shown in Fig. 1.
2.1. WD0111+002 and PG0109+111 (DO WDs)
The non-local thermodynamic equilibrium (NLTE) analysis of
optical spectroscopy yielded Teff = 65 000 ± 5000K, log g =
7.8 ± 0.3 for WD0111+002 and Teff = 110 000 ± 10 000K,
log g = 8.0 ± 0.3 for PG 0109+111. A carbon abundance of
C=0.003 in both stars was derived (Dreizler & Werner 1996);
all abundances given in this paper are mass fractions. Drei-
zler (1999) used HST/GHRS spectra to assess metal abundances
in WD0111+002. With the exception of carbon lines, only a
few weak Ni v lines were detected and an upper limit of Ni =
1.4 × 10−5 was established. Archival FUSE spectra of both stars
remained hitherto not analyzed.
2.2. PG1707+427 (PG1159 star)
This star is a well-studied object (Werner et al. 2015, and ref-
erences therein). It has Teff = 85 000 ± 5000K and log g
= 7.5 ± 0.5, and is dominated by helium and carbon in roughly
equal amounts. In the work cited, we assessed the abundances of
metals up to the iron group using far-UV spectra taken with the
Far Ultraviolet Spectroscopic Explorer (FUSE) and HST spectra
of relatively low resolution taken with the Goddard High Reso-
lution Spectrograph (GHRS). Our new HST/COS spectroscopy
aimed at spectra of better quality to detect weaker lines, particu-
larly of heavy metals.
3. Observations
In Table 1, we list the observation log of our new HST/COS
data together with other archival UV HST and FUSE spectra
used in our study. The datasets were retrieved from the Barbara
A. Mikulski Archive for Space Telescopes (MAST). According
to the COS Instrument Science Report 2009-01(v1)1, the line
spread function (LSF) of the COS spectra deviates from a Gaus-
sian shape. We therefore convolve all synthetic spectra with the
correct LSF.
We used optical observations to constrain the surface gravity
from the ionized helium lines. Optical spectra forWD0111+002
and PG 1707+427 were obtained from the Sloan Digital Sky
Survey (SDSS; observation IDs 1237663784742354959 and
1 http://www.stsci.edu/hst/cos/documents/isrs/ISR2009_
01.pdf
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Fig. 1. Location of our three program stars and the comparison star
RE 0503−289 (red symbols) together with related objects (Hügelmeyer
et al. 2006; Kepler et al. 2016; Reindl et al. 2014a; Werner & Herwig
2006) in the Teff−g plane. The single triangle symbol denotes a helium-
dominated object of the O(He) spectral class (Reindl et al. 2014b). Evo-
lutionary tracks for H-deficient WDs (Althaus et al. 2009) labeled with
the respective masses in M⊙ are plotted for comparison. Four variants of
the PG1159–DO transition limit (labeled A–D, Unglaub & Bues 2000)
are indicated.
1237665571981623391, respectively). We also used the spec-
tra of PG 0109+111 from Dreizler & Werner (1996) and
PG 1707+427 from Werner et al. (1991).
3.1. Radial velocities
To shift the observations to rest wavelength, we determined the
stellar radial velocities vrad from the HST/COS spectra. To mea-
sure the observed wavelengths by Gaussian fits, we employed
IRAF2. The average values are vrad = 44.8 ± 5.4 km/s, vrad =
37.2 ± 4.7 km/s, and vrad = −33.8 ± 5.9 km/s for WD0111+002
(from 11 lines), PG 0109+111 (11 lines), and PG 1707+427
(32 lines), respectively. Considering error limits, our value for
WD0111+002 is marginally in agreement with wavelength mea-
surements of several lines in HST/GHRS spectra performed by
Dreizler (1999).
2 IRAF is distributed by the National Optical Astronomy Observatory,
which is operated by the Associated Universities for Research in As-
tronomy, Inc., under cooperative agreement with the National Science
Foundation.
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Fig. 2. C iii and C iv lines in the HST/COS spectrum of WD0111+002 (black) compared with three log g = 7.7 models with different Teff:
53 000 K (blue dashed), 58 000 K (red), and 63 000K (green dashed). Red wavelength labels indicate forbidden C iv line components (Werner
et al. 2016). Also indicated are Zn lines near the C iii multiplet at 1175 Å. The vertical bar indicates 20% of the continuum flux.
3.2. Interstellar neutral hydrogen and reddening
We used the Ly β line profile in the FUSE spectra to mea-
sure the interstellar neutral hydrogen column density NH
(Fig. A.1). The results are 1.1+0.8
−0.6×10
20 cm−2 forWD0111+002,
1.8+0.8
−0.8 × 10
20 cm−2 for PG 0109+111, and 1.2+0.8
−0.6 × 10
20 cm−2
for PG1707+427. Dreizler & Heber (1998) used the Lyα
line in the HST/GHRS spectrum of PG 1707+427 and found
1.5 × 1020 cm−2, that is consistent with our value within its error
limit.
We converted NH into reddening EB−V using the empir-
ical relationship derived by Groenewegen & Lamers (1989):
log(NH/EB−V) = 21.58 ± 0.10. We obtained EB−V =
0.029+0.034
−0.018 for WD0111+002, 0.047
+0.039
−0.026 for PG 0109+111,
and 0.032+0.035
−0.019 for PG 1707+427. In Fig.A.2, we show our final
models attenuated with these reddening values together with the
observed continuum shape. The agreement is very good. To fur-
ther improve the fits, marginally lower reddening values (with
error limits) for WD 0111+002 and PG 1707+427 are required.
Our result for PG 1707+427 agrees with the value of 0.02 de-
rived by Dreizler & Heber (1998) from the continuum slope of
the GHRS spectrum.
3.3. Unidentified lines
There are many unidentified photospheric lines in the HST/COS
spectra of our program stars. Particularly conspicuous are fea-
tures that are seen in both our spectrum of PG 0109+111 and in
a spectrum of the comparison star RE 0503−289, taken with the
Table 2. Number of NLTE levels and lines in our model ions.a
I II III IV V VI VII
He 19,35 16,120
C 51,217 54,295
N 34,129 90,546 54,297
O 72,322 83,637 50,235b
F 30,70 30,104 30,93c
Ne 46,126 40,126 94,641d
Si 17,28 30,102 25,59
P 36,28 18,49
S 57,332 39,107 25,48
As 14,7 5,10 14,5 7,1
Sn 21,9 10,16 9,5 15,5
Notes. (a) First and second number of each table entry, separated by
commas, denote the number of levels and lines, respectively. Not listed
for each element is the highest considered ionization stage, which com-
prises its ground state only. See text for the treatment of iron-group
and trans-iron elements besides As and Sn. (b) For WD0111+002, O v
was the highest ionization stage with one level. (c) Only considered for
PG1707+427. (d) For WD0111+002, Ne v was the highest ionization
stage with one level.
Space Telescope Imaging Spectrograph (STIS) aboard HST and
presented by Hoyer et al. (2017); see Fig.A.5. These features
potentially stem from trans-iron elements and we therefore list
their wavelength positions in Tab.A.1.
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Fig. 3. Observed spectra (black) around two lines of the He ii Picker-
ing series compared with synthetic spectra (red). From top to bottom:
WD0111+002 with three models (Teff = 58 000K and log g = 7.6, 7.7,
7.8), PG0109+111 with model 70 000/7.5, PG1707+427 with model
85 000/7.5. The observations of PG0109+111 and PG1707+427 were
smoothed with a low-pass filter (Savitzky & Golay 1964).
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Fig. 4. N v resonance doublet in the program stars (black) compared
to our final models (red).
4. Spectral analysis
4.1. Model atmospheres and atomic data
To calculate chemically homogeneous, NLTE model atmo-
spheres, we used the Tübingen model-atmosphere package
(TMAP3; Werner et al. 2003, 2012a). It assumes plane-parallel
geometry and radiative and hydrostatic equilibrium. Atomic
data were compiled from the Tübingen Model-Atom Database
(TMAD; Rauch & Deetjen 2003) that has been constructed as a
part of the Tübingen contribution to the German Astrophysical
Virtual Observatory (GAVO4). A summary of the model atoms
for the included light elements up to atomic number Z = 16; As
and Sn are given in Tab. 2.
For iron and nickel, we used a statistical approach (employ-
ing the IrOnIc tool; Rauch & Deetjen 2003) with seven su-
perlevels per ion linked by superlines, together with an opac-
ity sampling method. Ionization stages Fe iii–vi (plus Fe vii for
the PG 1707+427 models) and Ni iii–vi augmented by a single,
ground-level stage were considered per species using the line
lists of Kurucz (Kurucz 1991, 2009, 2011).
3 http://astro.uni-tuebingen.de/~TMAP
4 http://www.g-vo.org
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Fig. 5. Like Fig. 4, but for O iii and O iv lines.
Motivated by the discovery of trans-iron elements in the
DO RE 0503−289 (Werner et al. 2012b), respective transition
probabilities have been calculated (for references see TableA.2)
and are provided by the Tübingen Oscillator Strength Service
(TOSS), which is a part of the GAVO project. For our analysis,
these species were treated with the same statistical method as
Fe and Ni (Rauch et al. 2015b, except for As and Sn, for which
classical model atoms as for the other species were used), con-
sidering lines of Zn iv–v, Ga iv–vi, Ge iv–vi, As iv–vii, Se iv–vi,
Kr iii–vii, Sr iii–vii, Zr iii–vii, Mo iii–vii, Sn iii–vi, Te iv–vi, I iv–vi,
Xe iii–vii, and Ba v–vii.
The model atmospheres for all three program stars include
He, C, N, O, and Ne. The neon abundance cannot be deter-
mined, so we assumed the following values: Ne = 0.01 for
PG 1707+427, which is a value that is typical for PG 1159 stars
(Werner et al. 2004), and rather small values for WD0111+002
(2.0 × 10−5) and PG 0109+111 (1.5 × 10−6). For the two hottest
program stars (PG0109+111 and PG 1707+427), we also in-
cluded the following species into the model atmosphere calcu-
lations: F, Si, P, S, Zn, Ga, and Ge. To save computing time,
smaller versions of the model atoms for all metals up to sulfur
were used for the model atmosphere calculations. Subsequently,
the large versions (whose numbers of levels and lines are listed in
Table 2) were used to compute improved level occupation num-
bers while keeping fixed the model-atmosphere structure. All
other species heavier than Ge were considered as trace elements,
i.e., their backreaction on the model structure was neglected.
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Fig. 6. Synthetic line profiles for F, Si, P, S, Fe, and Ni in our final models (red) compared to observations (black) of our three program stars.
4.2. Effective temperature and surface gravity
To measure Teff , we evaluated the C III/C IV ionization equilib-
rium using the multiplets of C III at 1166, 1296, 1175Å plus a
singlet at 1247Å, and the multiplets of C IV at 1108, 1169, 1198,
1230Å (Figs. 2, A.3, and A.4). For the determination of g we
used lines of the He II Pickering series (Fig. 3). Various other
ionization equilibria (N III/N IV/N V, O III/O IV/O V/O VI, F V/F VI,
S V/S VI, Fe V/Fe VI/Fe VII, Zn IV/Zn V Ge IV/Ge V, Ga IV/Ga V; not
all balances available in all stars) confirm the results for Teff and
log g found by this procedure.
For WD0111+002, we found Teff = 58 000 ± 5000K and
log g = 7.7 ± 0.3, in agreement with previous results obtained
from optical spectra alone (65 000/7.8; Dreizler & Werner
1996). In the case of PG0109+111, we derived Teff = 70 000 ±
5000K and log g = 8.0 ± 0.3. In comparison to previous re-
sults (110 000/8.0; Dreizler & Werner 1996), the temperature
is significantly lower. In the work cited, it was noted that in-
deed the weak, observed He I lines are not compatible with the
high-temperature model that displays no neutral helium lines at
all. For PG 1707+427 our results (Teff = 85 000 ± 5000K, log g
= 7.5 ± 0.3) confirm previous analyses of UV and optical data
(Werner et al. 2015, and references therein).
4.3. Element abundances
Element abundances were derived by detailed line-profile fits.
Upper limits were established by reducing the abundances such
that computed spectral lines become undetectable regarding the
signal-to-noise ratio. We describe the procedure for the different
species and display some representative fits. Results are given
in Table 3 and Fig. 8. Typical errors are estimated to 0.3 dex.
A comparison of the complete HST/COS spectra with the final
models appears in the Appendix (Fig.A.5).
Carbon, nitrogen, and oxygen. For carbon, we used the same
lines as for the Teff determination (Figs. 2, A.3, A.4). For nitro-
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Fig. 7. Like Fig. 6, but for Ga, Ge, As, Se, Sr, Sn, Te, and I.
gen, the N v resonance doublet is the primary indicator (Fig. 4),
and for oxygen the O iii λλ1149.6, 1150.9, 1153.8Å and O iv
λλ1338.6, 1343.0, 1343.5Å lines (Fig. 5).
Fluorine, silicon, phosphorus, and sulfur. For these species,
we proceeded as described in detail for the analysis of the FUSE
spectrum of PG 1707+427 (Werner et al. 2015). The following
lines were used: F v λλ1087.8, 1088.4Å, F vi λ1139.5Å, Si iv
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Fig. 8. Photospheric abundances of our three program stars and the comparison star RE 0503−289. [X] denotes log(abundance/solar abundance)
of species X. The dashed horizontal line indicates solar abundances.
λλ1066.6, 1122.5, 1128.3Å, P v λλ1000.4, 1118.0, 1128.0Å,
S v λλ1128.7, 1128.8Å, S vi λλ933.4, 944.5, 1117.8Å. The fits
to most of these lines are presented in Fig. 6.
Iron and nickel. Iron could not be detected in PG 0109+111,
but a few weak Fe vi lines are detected in WD0111+002. In the
COS spectra of PG 1707+427, we see many lines from Fe vi and
few from Fe vii. The identification of iron was uncertain in the
FUSE spectra (Werner et al. 2015). We detect many nickel lines
(Ni v) in the COS spectra of WD0111+002 and PG 0109+111.
In PG 1707+427, the presence of Ni vi lines in FUSE spectra is
uncertain (Werner et al. 2015), but in the COS spectra we detect
two lines at 1124.19 and 1154.60Å (Fig. 6, Tables A.3, A.4, and
A.5).
Zinc. Many Zn v lines are present in the COS data of our pro-
gram stars; these lines are most prominent inWD0111+002, fol-
lowed by PG 0109+111, and are rather weak in PG 1707+427.
Among the strongest features is a Zn v blend at 1177Å adjacent
to the C III λ 1175Å multiplet (Figs. 2, A.3, A.4). WD0111+002
also shows Zn iv lines, for example, at 1349.88Å.
Gallium and germanium. No lines are detectable in
PG 1707+427, but we see a number of Ga iv and Ga v as well
as Ge iv and Ge v lines in WD0111+002 and PG 0109+111
(Fig. 7).
As, Se, Sr Sn, Te, and I. We used the As v λλ987.7/1029.48Å
resonance doublet in the FUSE spectra to determine the As
abundance in WD 0111+002 and upper limits for the other
two stars. In the case of PG 1707+427, ISM lines are lo-
cated at the wavelength position of the As v doublet (Fig. A.1
in Werner et al. 2015), such that we can derive an upper limit
only. Se v λλ1151.0, 1227.5Å can be seen in both DOs but
not in PG 1707+427. Lines from Sr, Sn, Te, and I are only
seen in PG0109+111 (Sr v λ1154.9Å, Sn iv λ1314.5Å, Te vi
λ1313.9Å, I vi λ1153.3Å) but not in the other two stars. For
line fits, see Fig. 7.
In PG 0109+111, the fitted Sn iv λ1314.5Å line is rather
weak. A number of detected Sn v lines would be better suited
for a more precise analysis, but oscillator strengths are unavail-
able. Sn v lines are not detected in PG 1707+427, but they would
give a much tighter upper limit for the Sn abundance than that
derived from the absence of the Sn iv line.
The tellurium abundance in PG 0109+111 is extremely high
(5.6 dex oversolar). Its mass fraction of 6.2×10−3 means that it is
the most abundant metal in the atmosphere. The abundance was
derived from the Te vi λ1313.9Å line (see Fig. 7). In fact, there
are two much stronger Te vi lines, namely the resonance doublet
at 951.0 and 1071.4Å, but they are located in rather noisy por-
tions of the FUSE and HST/COS spectra. Nevertheless, these
lines can be detected in the observations (see the 1071.4Å com-
ponent in Fig.A.5) as very strong and broad features. They are
among the strongest metal line features rivaling the prominent
C iii and C iv lines.
Kr, Zr, Mo, Xe, and Ba. No lines of these species could be
identified in our program stars.
5. Summary and conclusions
We have analyzed new UV spectra taken with HST/COS of
one PG 1159 star and two hot DO WDs. The primary aim of
this study was the identification and abundance determination
of trans-iron group elements to reach a conclusion about the ef-
fects of s-process and element diffusion. To this end, we com-
puted line-blanketed NLTE model atmospheres and began with
an assessment of the effective temperatures and surface gravi-
ties. For both DOs, the evaluation of metal ionization balances
resulted in improved Teff determinations yielding lower values
than found in previous analyses of optical spectra. In particular,
Teff of PG0109+111 is 70 000K instead of 110 000K.
PG0109+111 and WD0111+002 (DO WDs). For the two
DOs, we measured the trace-element abundances and compare
these to the DO RE 0503−289, a hitherto unique DO in which
a total of 14 trans-iron group elements (i.e., atomic number
Z > 28) have been identified, with extreme overabundances
(about 2–4.5 dex) relative to the solar values (Tab. 3, Fig. 8).
Both investigated DOs also exhibit trans-iron species, but there
are fewer of these species (five and eight in WD0111+002 and
PG 0109+111, respectively). In both DOs we detect Zn, Ga,
Ge, and Se, plus the heavier species Sr, Sn, Te, and I only in
PG 0109+111, and As only in WD0111+002. Generally, their
abundances are (within about 1 dex) similar to RE 0503−289
with the exception of Te. This element is almost 6 dex oversolar,
significantly exceeding the enrichment in RE 0503−289.
The general tendency that RE 0503−289 (Teff = 70 000K,
logg=7.5) has the highest number of detected trans-iron species
can be explained by the fact that radiative acceleration is prob-
ably more effective compared to PG 0109+111, which has a
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Table 3. Final adopted atmospheric parameters of the three program stars and the comparison star RE 0503−289 (columns 2–5). In the next two
columns, trans-iron abundances from literature for two cool DOs (HD149499B and HZ21) are listed. The last column gives the solar abundances.a
WD0111 PG0109 PG 1707 RE 0503 HD HZ21 Sun
+002 +111 +427 −289 149499B
Type DO DO PG1159 DO DOA DO
Teff/K 58 000 70 000 85 000 70 000 49 500 53 000
log g 7.7 8.0 7.5 7.5 7.97 7.8
He 9.9 × 10−1 9.9 × 10−1 5.3 × 10−1 9.7 × 10−1 2.5 × 10−1
C 6.0 × 10−3 1.5 × 10−3 4.1 × 10−1 2.2 × 10−2 2.4 × 10−3
N 3.5 × 10−7 1.0 × 10−5 1.0 × 10−2 5.5 × 10−5 6.9 × 10−4
O 6.0 × 10−4 1.6 × 10−4 2.7 × 10−2 2.9 × 10−3 5.7 × 10−3
F < 4.7 × 10−5 < 4.7 × 10−4 3.2 × 10−4 3.5 × 10−7
Si 5.6 × 10−5 2.1 × 10−5 3.4 × 10−4 1.6 × 10−4 6.7 × 10−4
P 7.7 × 10−6 7.6 × 10−7 1.1 × 10−5 1.1 × 10−6 5.8 × 10−6
S < 2.4 × 10−6 4.0 × 10−5 2.2 × 10−4 4.0 × 10−5 3.1 × 10−4
Fe 1.4 × 10−4 < 6.9 × 10−5 2.0 × 10−3 < 1.3 × 10−5 1.2 × 10−3
Ni 1.0 × 10−4 4.3 × 10−5 9.9 × 10−5 7.2 × 10−5 6.8 × 10−5
Zn 8.2 × 10−5 8.1 × 10−6 1.1 × 10−6 1.1 × 10−4 1.7 × 10−6
Ga 3.5 × 10−5 8.6 × 10−5 < 3.6 × 10−5 3.4 × 10−5 5.3 × 10−8
Ge 9.1 × 10−5 3.6 × 10−5 < 1.3 × 10−6 1.6 × 10−4 2.3 × 10−7
As 9.3 × 10−6 < 9.2 × 10−7 < 1.0 × 10−5 1.6 × 10−5 8.1 × 10−6 3.0 × 10−7 1.1 × 10−8
Se 1.6 × 10−4 9.6 × 10−4 < 1.3 × 10−3 1.6 × 10−3 1.3 × 10−5 < 7.5 × 10−6 1.3 × 10−7
Kr < 2.1 × 10−5 < 4.1 × 10−4 < 4.2 × 10−4 5.0 × 10−4 1.1 × 10−7
Sr < 2.2 × 10−4 2.2 × 10−3 < 7.3 × 10−4 6.5 × 10−4 4.3 × 10−8
Zr < 1.1 × 10−4 < 2.3 × 10−4 < 1.5 × 10−5 3.0 × 10−4 2.6 × 10−8
Mo < 1.2 × 10−5 < 2.4 × 10−5 < 1.7 × 10−4 1.9 × 10−4 5.3 × 10−9
Sn < 2.9 × 10−6 2.3 × 10−4 < 2.0 × 10−6 2.0 × 10−4 8.3 × 10−6 9.1 × 10−9
Te < 1.6 × 10−5 6.2 × 10−3 < 1.7 × 10−6 2.5 × 10−4 9.1 × 10−7 1.3 × 10−6 1.4 × 10−8
I < 9.4 × 10−6 6.2 × 10−5 < 2.2 × 10−6 1.4 × 10−5 1.9 × 10−5 < 1.2 × 10−6 3.3 × 10−9
Xe < 1.6 × 10−6 < 3.2 × 10−6 < 2.2 × 10−5 1.3 × 10−4 1.7 × 10−8
Ba < 1.7 × 10−5 < 1.7 × 10−3 < 2.3 × 10−5 3.6 × 10−4 1.8 × 10−8
Notes. (a) Abundances in mass fractions (see also Fig. 8) and surface gravity g in cm s−2. Parameters for RE 0503−289 from Rauch et al. (2017b)
and references therein. Trans-iron abundances for HD149499B and HZ21 from Chayer et al. (2005). Solar abundances from Asplund et al.
(2009); Scott et al. (2015a,b); Grevesse et al. (2015).
higher gravity (70 000/8.0), and compared to WD0111+002
(with the lowest number of detected trans-iron species), which
is significantly cooler and has a slightly higher surface gravity
(58 000/7.7).
Chayer et al. (2005) detected trans-iron elements in two cool
DO WDs, namely HZ21 (Teff = 53 000K, log g = 7.8; Drei-
zler & Werner 1996) and HD149499B (Teff = 49 500K, log g =
7.97; Napiwotzki et al. 1995). Their abundances are also given
in Tab. 3. The numbers listed (mass fractions) were computed
from the number ratios reported in Chayer et al. (2005) (aver-
aged over results from several lines, if applicable), accounting
for the fact that HD149499B is a DOA WD with 6% hydro-
gen (by mass). Generally, the trans-iron element abundances are
lower than in the hot DOs, probably owing to weaker levitation
at lower temperatures.
As to the lighter elements, these are also generally less
abundant in the two DOs investigated here compared to
RE 0503−289, with the exception of P, that is 0.8 dex higher in
WD0111+002 than in RE 0503−289. A noteworthy commonal-
ity of all three DOs is the low Fe/Ni ratio of ≤ 1.6, in contrast to
the solar ratio Fe/Ni = 18.
PG1707+427 (PG1159 star). Our results for Teff and log g
agree with those in Werner et al. (2015). The same holds, within
error limits, for the element abundances. For the first time, how-
ever, we identify nickel lines and find a solar Ni abundance. The
most significant result from our new HST/COS spectroscopy
concerns the trans-iron elements. While only high upper abun-
dance limits could be derived previously, we now determined
the Zn abundance and, for most other species, were able to re-
duce the upper abundance limits significantly compared to our
previous work involving FUSE data alone. We find that Zn is
solar and Ge is at most 0.8 dex oversolar, suggesting that there
is no general overabundance of trans-iron elements. The upper
limits for other trans-iron elements are still high, however, be-
tween about 2.8 and 4.5 dex oversolar. In comparison to the
DOs, this confirms that radiative levitation does not affect the
element abundances in the atmosphere of PG 1707+427. This is
a plausible result for a PG 1159 star because, as outlined in the
introduction, the star is located before the wind limit so that dif-
fusion cannot affect the element abundances. In addition, from
the helium and light metal abundances we concluded to see in-
tershell matter composition (Werner et al. 2015).
It is expected from stellar evolution models that, as discussed
in detail in Werner et al. (2015) based on the models of a 2 M⊙
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star after the 30th thermal pulse (Gallino, priv. comm.; Karakas
et al. 2007) s-process elements should be overabundant. But our
results do not allow a quantitative comparison because the pre-
dicted enhancement of Zn and Ge to < 0.4 dex oversolar val-
ues is near the error margin of our analysis. Much stronger en-
hancements are predicted by stellar models for other trans-iron
elements, but they are still below our upper limits derived. For
example, we could reduce the upper detection limit for germa-
nium by 1.6 dex down to Ge < 1.3 × 10−6, but the predicted
value is Ge < 5.9 × 10−7, i.e., just barely below our detec-
tion threshold. The strongest enhancement among the inves-
tigated s-process elements is predicted for barium, namely Ba
= 1.2× 10−5. Again, although we were able to reduce the detec-
tion threshold by 1.8 dex, the current limit of Ba < 2.3 × 10−5 is
slightly smaller. Further progress can only be achieved with UV
spectra with even better signal-to-noise ratio.
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Fig. A.1. Synthetic spectra around Ly β from our final models (black,
dashed graphs) for the program stars compared with the FUSE observa-
tions (black). Red graphs: Interstellar absorption with neutral hydrogen
column densities as given in Sect. 3.2 applied. The adjacent dashed
graphs indicate the error limits.
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Fig. A.2. Spectral energy distribution of our program stars compared
to the final, reddened models (red graphs). Models of WD0111+002,
and PG0109+111 were normalized to the 2MASS H magnitude and
that of PG1707+427 to the SDSS z magnitude. Magnitudes from
GALEX, SDSS, and 2MASS are plotted in blue with their error bars.
Table A.3. Fe v lines identified in the HST/COS spectrum of
PG1707+427.
Wavelength /Å Ion Transition Comment
laboratory low up
1320.409 Fe V 4s 3H4 4p
3Go3 weak
1321.341 Fe V 4s 3G4 4p
3Ho5 weak
1321.489 Fe V 4s 3G5 4p
3Ho6 weak
1323.271 Fe V 4s 3H5 4p
3Go4 weak
1330.405 Fe V 4s 3H6 4p
3Go5
1331.639 Fe V 4s 1D2 4p
1?o2
1361.278 Fe V 4s 3P2 4p
3Fo3 weak
1361.446 Fe V 4s 1F3 4p
1Go4 weak
1361.691 Fe V 4s 1D2 4p
1Fo3
1361.826 Fe V 4s 3F4 4p
3Go5
1362.864 Fe V 4s 3D3 4p
3Do3 weak
1363.076 Fe V 4d 5F3 4p
5Fo4 weak
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D. Hoyer et al.: Search for trans-iron elements in hot, helium-rich white dwarfs with HST/COS
Table A.4. Fe vi lines identified in the HST/COS spectrum of
PG1707+427.
Wavelength /Å Ion Transition Comment
laboratory low up
1115.099 FeVI 4s 2D5/2 4p
2Do5/2
1120.933 FeVI 4s 2F7/2 4p
2Fo7/2
1121.147 FeVI 4s 2F5/2 4p
2Fo5/2
1152.771 FeVI 4s 2G7/2 4p
2Fo5/2 blend P II i.s.
1160.509 FeVI 4s 2P1/2 4p
2Po1/2
1165.674 FeVI 4s 2P3/2 4p
2Po3/2
1167.695 FeVI 4s 2G9/2 4p
2Fo7/2
1206.041 FeVI 4s 4P1/2 4p
4Po3/2 uncertain
1227.883 FeVI 4s 4P5/2 4p
4Po3/2 uncertain
1228.605 FeVI 4s 2G9/2 4p
2Ho11/2 uncertain
1228.681 FeVI 4s 2D3/2 4p
2Do5/2 uncertain
1228.962 FeVI 4s 4F3/2 4p
4Do3/2
1228.977 FeVI 4s 2D5/2 4p
4Do7/2
1232.477 FeVI 4s 4F7/2 4p
4Do5/2
1236.973 FeVI 4s 4F5/2 4p
4Do3/2 uncertain
1246.835 FeVI 4s 4F5/2 4p
2Fo5/2 weak
1252.769 FeVI 4s 4P3/2 4p
2Do3/2
1252.789 FeVI 4s 2F5/2 4p
2Go7/2
1253.045 FeVI 4s 2D5/2 4p
4Do5/2
1253.675 FeVI 4s 2G7/2 4p
2Ho9/2 blend S II i.s.
1258.021 FeVI 4s 4F9/2 4p
2Fo7/2
1258.881 FeVI 4s 4F7/2 4p
2Fo5/2
1260.746 FeVI 4s 4P5/2 4p
4Do7/2 blend C I, Si II i.s.
1261.058 FeVI 4s 4F7/2 4p
4Fo9/2
1265.872 FeVI 4s 4F5/2 4p
4Fo7/2
1266.103 FeVI 4s 2D5/2 4p
2Fo7/2
1271.099 FeVI 4s 4P3/2 4p
4Do5/2
1272.066 FeVI 4s 4F9/2 4p
4Go11/2
1273.843 FeVI 4s 4F3/2 4p
4Fo5/2
1276.877 FeVI 4s 4F9/2 4p
4Fo9/2
1277.069 FeVI 4s 4P1/2 4p
4Do3/2
1278.292 FeVI 4s 4F7/2 4p
4Fo7/2
1282.452 FeVI 4s 4F5/2 4p
4Fo5/2
1285.362 FeVI 4s 4F7/2 4p
4Go9/2
1286.088 FeVI 4s 4P5/2 4p
4Do5/2
1286.235 FeVI 4s 4P3/2 4p
4Do3/2
1287.028 FeVI 4s 4F3/2 4p
4Fo3/2
1291.437 FeVI 4s 2D5/2 4p
2Fo5/2
1292.643 FeVI 4s 4P3/2 4p
4Do1/2
1294.549 FeVI 4s 4F9/2 4p
4Fo7/2
1295.201 FeVI 4s 4F7/2 4p
4Fo5/2
1295.817 FeVI 4s 4F5/2 4p
4Fo3/2
1296.734 FeVI 4s 2D3/2 4p
2Fo5/2
1296.872 FeVI 4s 4F5/2 4p
4Go7/2
1299.848 FeVI 4s 4P5/2 4p
2Fo7/2
1301.174 FeVI 4s 2D5/2 4p
2Po3/2
1301.800 FeVI 4s 4F9/2 4p
4Go9/2
1308.644 FeVI 4s 4F3/2 4p
4Go5/2
1309.910 FeVI 4s 4F7/2 4p
4Go7/2
1317.731 FeVI 4s 4F5/2 4p
4Go5/2
1324.286 FeVI 4s 2F5/2 4p
2Do3/2
1329.177 FeVI 4s 2F7/2 4p
2Do5/2
1330.971 FeVI 4s 2F5/2 4p
4Do5/2
1336.839 FeVI 4s 4P5/2 4p
2Po3/2
1337.692 FeVI 4s 2D5/2 4p
4So3/2
1337.793 FeVI 4s 2F7/2 4p
4Do7/2
1361.817 FeVI 4s 2F5/2 4p
2Fo5/2
Table A.5. Nickel lines identified in the HST/COS spectra of
WD0111+002 and PG0109+111.
Wavelength /Å Ion Transition Comment
laboratory low up
1357.064 Ni IV 4s 6D9/5 4p
6Po7/2 weak
1231.875 NiV 4s 3D3 4p
3Po2 weak
1232.524 NiV 4s 5G4 4p
5Fo3 weak
1232.807 NiV 4s 1H5 4p
1Ho5 weak
1232.964 NiV 4s 3D3 4p
3Fo4 weak
1233.257 NiV 4s 5F5 4p
5Fo5 weak
1233.312 NiV 4s 5G3 4p
5Fo2 weak
1235.831 NiV 4s 1I6 4p
5Go6 weak
1242.043 NiV 4s 1D2 4p
3Go3
1244.174 a NiV 4s 7S3 4p
7Po4
1245.020 NiV 4s 1F3 4p
3Fo3 weak
1245.074 NiV 4s 3G4 4p
3Fo4 weak
1245.203 NiV 4s 3D2 4p
3Fo3 weak
1249.522 NiV 4s 5G5 4p
5Fo4
1250.033 NiV 4s 5G4 4p
5Fo4 weak
1251.812 a NiV 4s 3G5 4p
3Go5
1252.183 a NiV 4s 5G6 4p
5Fo5
1253.980 NiV 4s 3G3 4p
3Go3
1257.626 a NiV 4s 5G5 4p
5Ho6
1261.327 NiV 4s 3F4 4p
3Go5
1261.760 NiV 4s 5D4 4p
5Fo5
1264.501 a NiV 4s 7S3 4p
7Po3
1265.671 b NiV 4s 3H6 4p
3Io7 blend with unid.
1265.725 b NiV 4s 5F3 4p
5Go4 blend with unid.
1266.408 a NiV 4s 5G4 4p
5Ho5
1270.677 NiV 4s 3I7 4p
3Ko8
1273.204 NiV 4s 5G3 4p
5Ho4
1273.827 NiV 4s 5P2 4p
5Po3 weak
1276.428 a NiV 4s 5D3 4p
5Fo4
1276.958 a NiV 4s 7S3 4p
7Po2
1279.325 NiV 4s 5P3 4p
5Do4 weak
1279.720 NiV 4s 5G2 4p
5Ho3
1280.138 NiV 4s 3H4 4p
3Io5 weak
1282.201 NiV 4s 3I6 4p
3Io6 weak
1282.270 NiV 4s 3I5 4p
3Io6 weak
1282.724 NiV 4s 3I7 4p
3Io6 weak
1287.553 NiV 4s 3D3 4p
3Fo4 weak
1287.628 NiV 4s 1D2 4p
1Fo3 weak
1287.808 NiV 4s 5D1 4p
5Fo2 weak
1300.979 NiV 4s 5S2 4p
5Po1
1304.870 NiV 4s 3I5 4p
3Io5
1305.696 NiV 4s 3I6 4p
3Ko7 weak
1306.238 NiV 4s 3I7 4p
3Ko7 weak
1306.624 NiV 4s 5G6 4p
5Go6
1307.603 NiV 4s 5S2 4p
5Po2
1311.106 NiV 4s 5G5 4p
5Go5
1312.718 a NiV 4s 3I5 4p
3Ko6
1313.280 NiV 4s 5G4 4p
5Go4
1314.330 a NiV 4s 5G3 4p
5Go3
1314.349 NiV 4s 1H5 4p
1Io6
1314.682 NiV 4s 5G2 4p
5Go2 weak
1317.447 NiV 4s 1I6 4p
1Ko7
1318.327 NiV 4s 3D2 4p
3Fo3 weak
1318.515 a NiV 4s 5S2 4p
5Po3
1323.562 NiV 4s 3H6 4p
3Ho6 weak
1323.977 NiV 4s 3G3 4p
3Ho4
1329.358 a NiV 4s 3G4 4p
3Ho5
1336.136 a NiV 4s 3G5 4p
3Ho6
1347.720 NiV 4s 3G4 4p
3Fo3 weak
Notes. (a) also seen in PG0109+111 , (b) only seen in PG0109+111
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